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Liquid crystals (LCs) have been studied for over 100 years and are part of 
our daily lives. They are mostly used in emulsions or dispersed along a polymeric 
matrix. However, the interface resulting from the binary mixture of amphiphilic 
molecules and LCs, or the use of surfactants in the PDLC, have various applica-
tions like in gas-sensors, thermometers, etc. Currently, computational ap-
proaches can be used in order to rationalize the physical-chemical properties of 
the interface and the main interactions between an amphiphilic molecule and a 
LC. 
Molecular Dynamics simulations were used to study at an atomic level the 
interface between an ionic liquid (IL) and a LC. Through these simulations it was 
possible to replicate the bulk of the nematic phase of LCs 5CB and 8CB, and the 
bulk of the IL [BMIM][DCA]. The mixture of 5CB and water was successfully 
simulated as well.  
This work allowed to conclude that the main interactions acting in the LC - 
IL interface are π-π stacking, hydrophobic interactions and electrostatic interac-
tions between dipoles, however all these have different impacts, and all depend 
on the ratio between the various components of the interface. In this mixture, the 
most relevant interaction to obtain a planar arrangement are π-π interactions or 
dipole interactions with the imidazolium rings and cyano moieties of 5CB. And 
that water plays a crucial role in the anchoring forces of the LC to the IL and in 
the ordering of 5CB. The obtained results will allow to rationalize responses of 
the LC-IL system to various VOC's and transfer this knowledge to other binary 
LC – amphiphilic/surfactant systems. 
Keywords: Molecular dynamics, Liquid Crystals, Interface, Amphiphilic 











Cristais líquidos têm sido estudados por mais de 100 anos e hoje fazem 
parte da nossa vida quotidiana. São usados maioritariamente em emulsões ou 
dispersos numa matriz polimérica. Porém a interface resultante da mistura biná-
ria de cristais líquidos e líquidos iónicos, ou então do uso de surfactantes em 
PDLC têm várias aplicações, como por exemplo em sensores de gases, termóme-
tros, etc. Atualmente métodos computacionais são utilizados de forma a raciona-
lizar as características físico-químicas da interface e as principais interações entre 
uma molécula anfifílica e um cristal líquido. 
Dinâmicas moleculares foram utilizadas de modo a estudar a interface a um 
nível atómico a interface entre um Cristal Líquido e um Líquido Iónico. Através 
dessas simulações foi possível o estudo do bulk da fase nemática do 5CB e 8CB, 
as simulações permitiram imitar o bulk do [BMIM][DCA]. E a mistura de 5CB 
com água foi simulada com sucesso também. 
Este trabalho permitiu conclui que a principal interação que age na interface 
entre cristais líquidos e líquidos iónicos são acoplamentos π-π, interações hidro-
fóbicas e atrações electroestáticas, contudo todas têm diferentes impactos e tudo 
depende da razão existente entre os vários componentes da interface. Na mistura 
de LC-IL, a interação mais relevante para obter um arranjo planar são as intera-
ções π-π ou as interações existentes entre os dipolos na ligação ciano do 5CB com os 
anéis de imidazole do IL. E que a água apresenta um papel crucial no desenrolar da orga-
nização molecular. Com estes resultados é possível racionalizar resposta aos vários 
VOC’s e transportar este conhecimento para outros sistemas binários de cristais líquidos 
e moléculas anfifílicas/surfactantes.   
Palavras-chaves: Dinâmicas moleculares, Cristais Líquidos, interface, mo-









ABSTRACT ................................................................................................................................... II 
RESUMO ....................................................................................................................................... IV 
FIGURE AND TABLE LIST ....................................................................................................... IX 
INTRODUCTION .......................................................................................................................... 1 
1.1- LIQUID CRYSTALS ....................................................................................................................... 2 
1.1.1 - Main thermotropic Mesophases ......................................................................................... 4 
Nematic .................................................................................................................................................................................. 5 
Cholesteric ............................................................................................................................................................................ 7 
Smectic .................................................................................................................................................................................... 8 
1.2– POLYMER DISPERSED LIQUID CRYSTALS ........................................................................ 10 
1.3 MOLECULAR MODELLING ...................................................................................................... 16 
Quantum Mechanics ...........................................................................................................................16 
Classical Mechanics .............................................................................................................................17 
METHODS .................................................................................................................................. 28 
RESULTS AND DISCUSSION .................................................................................................. 31 
3.1 - 5CB ................................................................................................................................................ 32 
Forcefields ................................................................................................................................................33 
Water Interface studies .......................................................................................................................42 
3.2 [BMIM-DCA] .............................................................................................................................. 47 
3.3– MIXTURE (5CB; IL; WATER) ................................................................................................. 50 
3.4 – 8CB ............................................................................................................................................... 74 
CONCLUSION & FUTURE REMARKS .................................................................................. 82 
REFERENCES ............................................................................................................................. 86 





Figure and Table list 
Figure 1 A typical phase diagram on the right [3] and the three typical phases of 
matter and on the left three classical phases of matter, displayed as water.  
 
Figure 2 Phase transition in Liquid Crystals with increasing temperature. 
 
Figure 3 Typical structure of a calamitic mesomorph, in this case the structure 
depicted is 5CB with an arbitrary atoms' numeration. 
 
Figure 4 Representation of the nematic phase, where ?⃗?  is the phase director. 
 
Figure 5 Representation of ϴ referred in the Equation 1 where ?⃗?  is the system’s 
director and ?⃗?  is the molecular long axis and θ is the angle between both the 
vectors. 
 
Figure 6 Representation of the cholesteric phase, where ?⃗?  corresponds to the 
various directors in each layer, R is the axis of rotation of each layer and h is the 
pitch of the cholesteric phase 
 
Figure 7 Representation of a smectic liquid phase, where ?⃗?  is the phase director. 
 
Figure 8 Smectic-A phase vs Smectic-C phase where ?⃗?  is the phases director and 
the orange vector represents the layer stacking vector. 
 
Figure 9 Radial arrangement inside a droplet (a) Bipolar arrangement inside a 




Figure 10 Typical "smart-glass" layout, where when the switch is off the light 
passing (blue vectors) is scattered by the disordered droplets of LC creating an 
opaque glass (a) whilst if the switch is on, the droplets will align to the electrical 
field and the light passing will not be scattered leading to transparent glass (b). 
 
Figure 11 A triacylglycerol as a representation of an amphiphilic molecule 
 
Figure 12 Representation of [BMIM][DCA] ionic liquid, where the grey beads 
are carbon atoms, white beads are hydrogen atoms, blue beads are nitrogen at-
oms. 
 
Figure 13 Gas sensing droplet where it is depicted the system in which the 
droplets (right side of picture) are deposited in a polymeric matrix (left side of 
picture) and it is possible to note the arrangement of the LC molecules along the 
droplet and the arrangement of the IL to the LC molecules. 
 
Figure 14 Leap Frog integrator depiction where t is the time of simulation, v is 
the velocity calculated and x are the positions calculated. 
 
Figure 15 Various stackings of 5CB possible, in the left π-π stacking and on the 
right trough the cyano heads. 
 
Figure 16 5CB and water anchoring, with water depicted as red beads and 5CB 
shown as the cyan and blue beads 
 
Figure 17 Variance in the director of the nematic phase of 5CB 
 
Figure 18 Two simulations done by Abbot with the amphiphilic layers 
 
Figure 19 Simulations Workflow 
 
Figure 20 Chemical structure of 5CB with arbitrary numeration 
 
Figure 21 a) Initial configuration of 5CB system containing 165 molecules of 
5CB inside a 5nm sided box. b) Snapshot of the last frame of the simulation of 
100ns, at 300K, at 1 atm. 
 
Figure 22 Snapshot of the last frame of simulation using ATB topology as cus-
tom forcefield, with a simulation time of 100ns at 300K, with a 5nm cubic box 




Figure 23 a) Snapshot of a typical cyano head stacking b) Snapshot of a typical 
π-π stacking 
 
Figure 24 Distance between atom 19 and 1 of a 5CB molecule 
 
Figure 25 Snapshot of the last frame of the simulation with the LigParGen to-
pology, with a simulation time of 100 ns, at 300K, with a 5nm cubic box side 
and with 142 molecules, where ?⃗?  is the director 
 
Figure 26 Snapshot of stacking through the cyano moiety 
 
Figure 27 Snapshot of stacking through π-π stacking 
 
Figure 28 Snapshot of the initial system of the MD run, after the equilibration 
step, with 5CB coloured blue, and water depicted as the red beads, with a 5nm 
box and 142 molecules of 5CB 
Figure 29 Snapshot of the last frame of simulation of 5CB and water, using OPLS 
forcefield. Simulation time of 100 ns, at 300K, in a 5nm side cubic box with 142 
molecules of 5CB, where ?⃗?  is the director of the nematic phase. 
Figure 30 Representation of a π-π stacking 
Figure 31 Chemical structure of [BMIM][DCA] with arbitrary numeration 
Figure 32 Snapshot of initial stage of simulation with 1000 IL molecules inside a 
10 nm sized side cubic box. 
Figure 33 Snapshot of the last frame of the simulation, ran for 100 ns, at 300 K, 
inside a 10 nm side cubic box with 1000 molecules of [BMIM][DCA]. 
 
Figure 34 Snapshot of the first frame of the MDRUN, after the equilibration 
step. With 5CB in red, The cation in cyan and the anion in green 
 
Figure 35 Snapshot of the final frame of the first simulation with 5CB and IL, for 
100 ns at 300 K, at 1 atm of pressure, inside a 5 nm side cubic box with 100 mol-





Figure 36 Initial configuration of the forced interface system with 5CB in red, 
the cation in blue and the anion in green 
 
Figure 37 Periodic boundary conditions of the system depicted by replicating 
the IL layer along the X axis (red axis) 
 
Figure 38  a) Snapshot of the first frame of the simulation where the interface 
was forced b) Snapshot of the last frame of the forced interface simulation, for 
100 ns, at 300 K, at 1 atm, with a box with the following axis dimensions X =10 
nm, y,z = 5 nm, with 312 5CB molecules and 384 IL molecules, with the colour 
code is the same as Figure 36 
 
Figure 39 a) Initial frame of the simulation with 610 molecules of 5CB and 386 
molecules of IL, with the colour code the same as Figure 37 b) final frame of 100 
ns of simulation, at 300K, at 1atm, box with X =15 nm, Y,Z = 5 nm, with 610 mol-
ecules of 5CB and 386 molecules of IL 
 
Figure 40 Depiction of the vacuum in the starting structure before the energy 
minimization 
 
Figure 41 a) Stage of Simulation after equilibration and energy minimization b) 
Last frame pf the simulation ran for 120 ns, in a box dimensions of X = 13 nm, 
Y,Z = 5 nm with 311 molecules of 5CB (red), 83 molecules of  [BMIM] ( blue ) 
[DCA] (green) at 300 K in 1 atm of pressure 
 
Figure 42 a) Snapshot of the initial state of the simulation with water and 610 
LC molecules and 386 IL molecules b) last frame of the simulation (on the 
right), during 200 ns, at 300 K, at 1 atm, with box dimensions of: X =18 nm; Y,Z 
= 5nm, with 610 molecules of 5CB (red) 386 molecules of IL ([BMIM] blue; 
[DCA] green) and 3217 water molecules (yellow), where ?⃗?  is the nematic phase 
director 
 
Figure 43 π-π stacking between the imidazolium moiety of [BMIM] and the bi-
phenyl moiety of 5CB, with a distance between each other of 4 Å 
 
Figure 44 Interaction between the imidazolium moiety of [BMIM] and the cy-





Figure 45 a) Initial frame of simulation in a box containing 931 molecules of IL, 
7517 molecules of IL and 28 molecules of water inside a cubic box of 16 nm side 
b) final frame of simulation after 130 ns, at 300 K, at 1 atm. 
 
Figure 46 Structure of 8CB with arbitrary numeration to ease RDF analysis 
 
Figure 47 a) Initial frame of the MD simulation of a box containing 141 mole-
cules of 8CB (purple) inside a 5 nm sided cubic box b) final frame of simulation 
after 100 ns of simulation at 300 K in 1 atm of pressure. 
 
Figure 48 a) Initial frame of simulation of a 5nm side cubic box containing 141 
molecules of 8CB (purple). b) Final frame of simulation during 100 ns, at 320 K 
in 1 atm of pressure. 
 
Figure 48 a) Initial frame of the simulation after inserting randomly the mole-
cules on the blank space created by the elongation of the Z axis now 10 nm, the 
X and Y axis a 5 nm length, and having 280 molecules. b)  final frame of simula-
tion after 200 ns, at 320 K and in 1 atm of pressure. 
 
Figure 49 a) Interaction between the dipole present in the cyano moieties of 8CB 
responsible for the parallel arrangement of the 8CB molecules. b) Interaction be-























1.1- Liquid Crystals 
Matter has three classic states:  solid, liquid and gas [1].  The solid state is 
defined by having a regular stack of molecules or group of molecules periodic in 
all directions, where the intermolecular forces are strong enough to hold them 
steady in place. However, when the temperature rises or the pressure falls, the 
vibration of the molecules (that arose from the energy being transferred from 
heating or lowering the pressure of the system), eventually becomes stronger 
than the forces holding the molecules in place, leading to a disruption of the 
forces and turning the solid into a liquid [2]. If the system continues heating, ulti-
mately a gaseous phase will be achieved following the same set of changes. 
 Nonetheless, in 1888 Friedrich Reinitzer, while examining physico-chem-
ical properties of various cholesterol derivatives in “Beitr ge zur Kenntniss des 
Gholesterins” [4], noted that cholesteryl acetate and cholesteryl benzoate exhibited 
two melting points and displayed a broad array of colors [4]. Struck by the discov-
ery he made, he sought advice in one of the most remarkable scientists in crys-
tallography, that had developed the polarization microscope, Otto Lehmann. He 
then confirmed the phenomena registered by Reinitzer, in August 1889 he wrote 
that: “It is of high interest for the physicist that crystals can exist with a softness, being 
so considerable that one could call them nearly liquid”. Later that year the term liquid 
crystals was used for the first time [5], little did Reinitzer knew the impact that the 
Figure 1 A typical phase diagram on the right [3 a] and the three typical phases of mat-




double melting point phenomenon in cholesterol derivatives had for the study of 
soft matter in the future. 
 Liquid crystals nowadays are defined as a state of matter which has char-
acteristics both from solids, like orientational and/or positional ordering, and 
from liquids, as molecular mobility and fluidity [6]. 
But why do liquid crystals instead of having a clear transition between 
solid and liquid, have a cascade of phase changes? Due to having some intermo-
lecular forces which are stronger than others intermolecular forces (and these 
weaker intermolecular forces are the first to break, creating an anisotropic me-
dium, this is the molecules are not randomly oriented), when temperature rises, 
this leads to the total or partial loss of positional order, and orientational ordering 
is still retained [7].  Liquid crystals can be distinguished in two major classes: lyo-
tropic and thermotropic [2] 
Lyotropic phases are observed as a function of concentration of am-
phiphilic molecules in isotropic solvents [8]. These molecules have a critical mi-
celle concentration in which above that concentration of solute, the molecules 
tend to aggregate in micelles. These mesogenic molecules are very sensitive to 
temperatures changes. Due to its instability, this eliminates the possibility to have 
a thermally induced phase change [9]. The main reason for the phase appearing is 
the interactions between the solute and the solvent [8]. Normally lyotropic 




mesomorphs are composed of two main components inside the molecule: a polar 
and a nonpolar moiety [9].  
 
Thermotropic phases, when the mesophases appearance are triggered by 
temperature changes, instead of the concentration of the solute, in this type of 
materials interactions between solute is what contributes most to the demon-
strated phase [8]. 
Thermotropic mesomorphs are composed of elongated organic molecules, 
called calamitic thermotropic mesomorphs, for example 5CB [7].  
 
 1.1.1 - Main thermotropic 
Mesophases   
Various mesophases exist, however the focus of this thesis will turn to the 
calamitic phases that can be divided in three distinct phases: nematic, smectic 
and cholesteric phases. Although different between them, all have the existence 
anisotropy in common. 
Different phases have different behavior under the inspection of Polarized 
Optical Microscope (POM), where different Schliren-textures lead to the classifi-
cation of the different phases. Since each phase has specific features, this is 
Figure 3 Typical structure of a calamitic mesomorph, in this case the structure depicted is 5CB 




because of different order levels and/or packing of the molecules in the meso-
morphic phase, interacting then differently with the polarized light probed by 
the microscope [10]. 
Nematic  
The nematic phase is the least ordered phase since it only presents one di-
mensional orientational order virtue of correlations of the long molecular axis 
roughly parallelly aligned. According to a vector ?⃗? , this director has no polarity 
in uniaxial nematics, therefore ?⃗?  and −?⃗?  are equivalent [11]. 
Though, as seen in Figure 4, the molecules are not all perfectly aligned to 
the director, and the angle between a molecule and the director, is given by ϴ, as 
represented in Figure 5.  
The nematic order parameter of the system is calculated by doing the mean 
average of the second-degree Legendre polynomial which can be calculated us-
ing Equation 1 [11,12]. 
Figure 5 Representation of ϴ referred in the Equation 1 where ?⃗?  is the system’s direc-
tor and ?⃗?  is the molecular long axis and θ is the angle between both the vectors. 
?⃗?  ?⃗?  














P2 represents the nematic order parameter and ϴ is the angle between the 
long molecular axis and the director. 
 P2 varies between 0 and 1, where 0 is a fully isotropic system and 1 is a 
fully nematic state, where all the molecules are perfectly aligned to the director. 
A typical nematic has a P2 ranging from 0,4 to 0,7 [13], for example 5CB presents 
a typical nematic value of 0,54 [14,15].  
Nematic LCs' most important application in the modern world is in dis-
plays. The first LC displays where twisted nematic liquid crystals or super-
twisted nematics as their base, since by manipulating the twist the birefringence 
can be manipulated in order to obtain the desired application [16], nevertheless 
nematic LCs are not only used in displays as described next. 
Due to the absence of positional ordering of the molecules’ center of mass, 
nematic liquid crystals present high fluidity. This leads to interesting applica-
tions in Liquid-Gas Chromatography as stationary phases, due to its ability in 
distinguishing isomers [17]. 
Given the orientational properties of the nematic phase, they present bire-
fringence. This means that the material will present two refractive indices, ac-
cording to the plane where the light is probed: if the light is probed parallel to 
the director a refractive index will be obtained; if the light passes perpendicular 
to the director another refractive index is obtained [17]. Some sensors use birefrin-
gence as a basis for its working [18,19,20].  
 
Nematic phase observation through POM, has typical textures according to 







Cholesteric phase consist of nematogenic molecules containing a chiral cen-
ter [21], and this existence of chirality, this phase can also be given the name chiral 
nematic. This phase doesn't occur only in pure chiral compounds as sometimes, 
an achiral component is mixed with a chiral, mesogenic or not, dopant [21, 22].  
This phase is characterized by the presence of various nematic layers that 
due to the presence of chirality, there is a helical torsion along an axis, as in Figure 
6. Where h is the axis of rotation is periodic and at every 2π degrees of rotation 
is designed the pitch of the system, this pitch is related to the amount chirality 
present in the system, the shorter the pitch the more chiral the system is [23].  
  As in nematic liquid crystals, a second-degree Legendre Polynomial is 
used to measure the order parameter, however in this case, since the director is 
constantly changing, the P2 values are local for each layer. 
Figure 6 Representation of the cholesteric phase, where ?⃗?  corresponds to the various directors 




Cholesteric liquid crystals are used as thermometers by exploiting the crit-
ical temperature dependence of the selective reflection of this phase, this is a con-
sequence of the pitch of the system that according to the temperature, with the 
change of the pitch different colors are emitted by the phase, allowing to monitor 
the temperature of a system [24] . 
However, since the cholesteric phase, presents the twist present in the 
twisted nematics, they can be used in displays as well [25]. 
Given the chiral properties of cholesterics, interesting applications in NMR 
arise when an anisotropic, optically active and fluid material is used as a solvent, 
since a way of calculating enantiomeric purity is achieved without having the 
downside of the price of shift reagents but achieving the same results [26]. These 
properties are interesting in chemical synthesis, since a chiral, anisotropic and 
fluid solvent can alter the course of a reaction by controlling the orientation of 
the solute and impart constraints to the solute mobility, removing in part the ran-
domness inherent isotropic solvents, favoring the desired reaction in obtaining a 
higher enantiomeric purity for example [27]. 
 
 Smectic 
The smectic phase is more ordered then the nematic phase since it presents 
orientational order and the molecules' center of mass has positional order [28] as 
presented in Figure 7. 










As seen in Figure 7, smectic phases are characterized by having well-de-
fined layers of mesogens and interlayer spacing. The molecules present orienta-
tional order between their long axis, having the same definition of director as in 
nematic phases, however various smectic phases exist, according to how the di-
rector is set according to layer plane or how the molecules are packed together 
in each layer [28]. 
Smectic-A phase is defined by having the molecules' director perpendicular 
to the layer stacking axis, Smectic-C phase presents the molecules' director tilted 
about the layers stacking axis [29]. as seen in Figure 8. 
Nonetheless other variations of smectic phases exists, some have a strict 
packing as in Smectic-B where the molecules in each layer have an hexagonal 
packing and the director is perpendicular to the layers' plane and variations of 
this phase when the director is either tilted towards the apex of the hexagon 
(Smectic-J) or to the side of the hexagon (Smectic-G) or if the molecules packing 




Figure 8 Smectic-A phase vs Smectic-C phase where ?⃗?  is the phases director and the orange vector rep-




1.2– Polymer Dispersed Liquid 
Crystals 
Polymer Dispersed Liquid crystals consist in microscopic nematic droplets, 
usually of hundreds of microns, dispersed in a solid polymeric matrix [30]. 
This confinement of the molecules inside the cavities leads to elastic defor-
mations of the nematic director, this leads to the appearing of point defects in the 
droplets. And according to the director alignment, or not, to the polymeric matrix 
leads to various kinds of droplet morphologies [30]. 
When the director is homeotropically aligned to the polymeric matrix, the 
director is perpendicular to the polymeric matrix in each point, occurring  a drop-
let with a radial texture. If the director assumes a parallel alignment to the poly-
meric matrix, then a planar alignment is attained, reaching then a bipolar texture, 
however various droplet configurations can be obtained when the director posi-
tions in between the radial and homeotropic alignments [31]. 
 The most interesting for the development of this work are the bipolar and 
radial arrangement, as seen in Figure 9. 
a) b) 
Figure 9 Radial arrangement inside a droplet (a) Bipolar arrangement inside a droplet (b) with 




They have varied applications since the orientation of the nematic liquid crystal 
can be modulated by applying an electrical or magnetic field. Thermometers, as 
the liquid crystals properties are greatly related to the temperature [32]. Biosensors 
given that liquid crystals can change their configuration in the presence of other 
molecules [33] and by monitoring optical changes [34] in the system molecules can 
be sensed or in "smart-glass" that consist of a window that can be switched from 
opaque to transparent by applying an electric field [35]. 
In the "off-state" the molecules are randomly oriented leading to the light to 
be dispersed creating an opaque glass, however when an electric filed is applied 
to the glass, the liquid crystal inside the droplets will all align to the electric field, 
with this alignment the light will not be dispersed creating then a transparent 
glass. 
The alignment of liquid crystals to the electric field or other kind of external 
stimulation depends on the anchoring force of the liquid crystal to the polymer 
matrix [36]. But it may be useful to diminish the anchoring forces of the liquid 
crystals to the polymeric material. A surfactant is therefore needed to achieve 
a) b)
 
Figure 10 Typical "smart-glass" layout, where when the switch is off the light passing (blue vectors) is scattered by the 
disordered droplets of LC creating an opaque glass (a) whilst if the switch is on, the droplets will align to the electrical field and 




such an alignment [37]. However not only surfactants can be used to achieve such 
a goal, an amphiphilic molecule [38]. 
An amphiphilic molecule consists in a molecule that has a polar both hy-
drophobic and hydrophilic characteristic in the same molecule. For example, tri-
acyclglycerols are amphiphilic as they are composed by a non-polar, hydropho-
bic long carbon tail and a polar, hydrophilic glycerol and ester moieties. 
Other molecules that present amphiphilic properties, as they are typically 
composed of a carbon tail, hydrophobic part, and charged atoms that are highly 
polar, are for example, Ionic Liquids represented in Figure 13. 
Polar moiety 
Non-polar moiety 
Figure 11 A triacylglycerol molecule as a representation of an amphiphilic 
molecule 
Figure 12 Representation of [BMIM][DCA] ionic liquid, where the grey beads are carbon atoms, white beads are 





As seen in the former Figure 13, the ionic liquid is comprised of a cation, 
that has a non-polar carbon chain of 4 carbons and 7 hydrogens and a polar im-
idazolium ring with the positive charge distributed by imidazolium ring. 
The presence of an amphiphilic molecule or surfactant leads to the transi-
tion of a parallel anchoring to an homeotropic anchoring, since the nematic liquid 
when in the presence of water tends to have an parallel anchoring, when the sur-
factant is added in the PDLC, it tends to intercalate itself between the LC and the 
water medium [38]. 
Since Ionic Liquids are the molecules used in the original protocol of the 
electronic nose, then it will be further discussed [20]. 
Ionic Liquids in PDLC’s 
Ionic Liquids are, as the name suggests, liquids comprised entirely of ions, 
and in the last decades have been a major research subject with thousands of 
articles being released every year [39]. 
This ionic liquid "fever" is given to its very interesting chemical and physi-
cal properties, since it presents a negligible vapor pressure, it is considered as a 
green solvent [40]. Given it is comprised entirely of ions it presents high conduc-
tivity and a wide electrochemical window, i.e. the voltage range between oxida-
tion and reduction of the material [41]. They can also form gel and polymerize [42]. 
This last property is very interesting in the scope of this work, since a PDLC 
can be assembled in the presence of an ionic liquid, and two important occur-
rences exist, the LC anchoring force is going to be diminished leading to less en-
ergy for the liquid crystal to undergo phase transitioning, this is important where 
this phase transition is used to sense any event, and the large electrochemical 
window and high conductivity allows for the IL to more easily transport electri-
cal charges compared to water and this electrical charge is not enough to make 








IL/LC gas sensing gel  
Having the previous properties in mind, a LC gas-sensor based on a gel, is 
being developed by the biomolecular engineering group, where a mixture of a 
liquid crystal, as the optical sensor, an IL, used as a surfactant to diminish the 
anchoring force of the LC, and gelatin, as matrix support for the droplets, is used. 
The way this gas sensor works is in the presence of VOC's is that the nematic 
phase turns isotropic, and when the VOC's disappear the nematic phase arises 
again [20]. 
Nonetheless, a lot is still to be unveiled in how this sensor works, since this 
is one of the first ionic liquid/liquid crystal gel [20, 43] made there isn't much 
knowledge about, the questions leading to this work are the following. 
• What is the orientation and stacking of the liquid crystal inside 
the droplet? 
• How are the LC and IL molecules interact in the interface? 
• What is the effect of the water in the orientation and ordering 
of the LC inside the droplet? 
• What is the preferred orientation of the IL in the interface? 
• What is the preferred orientation of the LC in the interface? 
Figure 13 Gas sensing hybrid gel, where it is depicted the system in which the droplets (right side of 
picture) are deposited in a polymeric matrix (left side of picture) and it is possible to note the possible ar-




To obtain such answers an atomistic knowledge is needed, and in order to 
obtain such knowledge computational aid is required, and this is the subject of 






1.3 Molecular Modelling 
Molecular modelling is way of mimicking molecular behavior either in a 
system containing various molecules or of a single molecule [44]. This mimicking 
is important because it allows for the rationalizing of matter's behavior and pre-
dict new matter behaviors. 
The two most common ways of realizing chemical modelling are: 
• Quantum mechanics 
• Classical mechanics 
Quantum Mechanics 
Quantum mechanics calculations try to mimic molecular behavior by trying 
to solve the Schrodinger equation. 
 
𝐻𝛹 = 𝐸𝛹 Equation 2 
In equation 2, 𝐻 corresponds to the Hamiltonian operator, 𝛹 is the wave-
function created by all the atoms present in the system and 𝐸 is the total energy 
of the system [45]. 
The Hamiltonian operator depicts all the factors interesting to calculate the 
systems energy, as kinetic energies both from nuclei and electrons and all the 
potential energy coming from the interactions between electrons themselves, nu-
clei and between nuclei and electrons [45].  
However, solving this equation completely is impossible since the system 
has electronic correlation, this is all the electrons depend on themselves to calcu-




So, all the energies obtained through ab-initio calculations are approxima-
tions of the Schrodinger's equation, and the following approximation are trans-
versal to all the equation-basis used in ab-initio: 
• Born-Oppenheimer Approximation 
In this approximation states that due to the difference between the masses 
of the nuclei and electrons, the movement of the nuclei can be neglected as it is 
very slow compared to electrons, this leads to the nuclei kinetic contribution to 
the system energy to be considered always zero, allowing for a more fast calcu-
lation [46]. 
Other approximations are used in ab-initio however those depend on the 
equation basis to be used, and that is outside the scope of the present work. 
Major uses for ab-initio calculations is the calculation of various physical 
properties (absorbance of the molecule in study [47], bond vibrations [48] between 
others) and chemical properties (Molecular orbitals energy [49], transition state of 
a reaction [50], various acid or basic constants [51]). 
Classical Mechanics 
In molecular dynamics system properties are recreated using only classical 
mechanics, where only nuclear positions are considered in calculations [52]. 
 For example, to describe the stretching potential of a bond, Hooke’s law 
where atoms are considered as an assemblage of weights in springs [53], as shown 
in Equation 3. 
 
𝐸𝑏𝑜𝑛𝑑 = 𝑘 𝑠( 𝑟 − 𝑟0)
2 Equation 3 
 Where  𝐸𝑏𝑜𝑛𝑑 is the energy of stretching of a bond, 𝑘𝑠 is the stretching con-
stant of that particular bond, 𝑟 is the length of a bond and 𝑟0 is the bond length 




 In order to calculate 𝑘𝑠  it is necessary to a-priori the frequency of the bond, 
the mass of the atoms present in the bond, and the equilibrium bond length. Be-
cause 𝑘𝑠 can be extrapolated by the following equation. 
 










As it possible to understand just for this example, using molecular dynam-
ics needs a parametrization for every kind of energy contributor to the system, 
intermolecular forces (electrostatic interactions), and intramolecular forces (bond 
strength, bond angles, proper dihedral angles and improper dihedral angles). 
Yet, this is a smaller problem when a system is made of only a restricted 
type of atoms, as for example proteins, that are constituted mostly out of amino 
acids (only in special cases other types of molecules are included in a protein 
constitution), this closed spectra of molecules leads to a defined amount of pa-
rameters to be defined.  
However, the same does not apply to other organic molecules, as millions 
of combinations are possible. And the same moiety can assume very different 
behavior depending on the neighboring moieties. 
For example, a carbonyl bond in an amide is different from a carbonyl bond 
in a ketone. This variability of characteristics of the same bond depending on the 
neighboring atoms, leads to a very difficult task of parameterizing small organic 
molecules. 
There are three ways for parametrizing a molecule: 
• Doing it all parametrization in the lab 
Depending on the molecule it is being parametrized it either is a very com-




amount of information available making the parametrization easier. Another op-
tion is too use ab-initio simulations in order to parametrize all the things needed 
• Using online parametrization tools 
This method allows the use of online descriptors in order to have full par-
ametrization to the desired forcefield, this method vary from online descriptors 
using classical mechanics as a way of doing energy minimization (where the at-
oms are parametrized in a data base) to having ab-initio calculations of the mole-
cule to be parametrized. 
• Retrieving a full parametrization from the literature 
 If a molecule has been a target of molecular dynamics simulations, it is 
possible to find full parametrization and even custom forcefields, that were put 
available for academic or personal use.  
The next step after doing the parametrization is to choose the appropriate 
forcefield in which the simulations undergo. Since forcefields have different con-
tributions to calculate, this can be seen in Equation 5 as 6, where in Equation 5 is 
depicted the functional form for Assisted Model Building with Energy Refine-
ment (AMBER) [54] and in Equation 6 it is show the Optimized Potential for Liquid 
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         Equation 6 
 As can be noted by the analysis of both the functional forms it is possible 
to see differences in the contributions to the energy of both the forcefields. 
 After choosing the correct forcefield pre-simulation steps are needed to be 
performed, first the desired system needs to be constructed, where the number 




if the system contains water or Ions (in order to make sure the system is truthfully 
represented as normally, for every charge there is an ion countering it). 
 The first step in the Molecular Dynamics protocol is Energy Minimization 
(EM), to minimize the energy of the system created, this allows for the system to 
have the most stable configuration possible [56]. EM deletes incoherencies made 
by the system construction (overlapping bonds or atoms that are too close to-
gether).  
Normally two algorithms are performed to obtain EM: 
• Steepest Descent algorithm (SD) 
SD consists in of a multidimensional function for all coordinates 3N, and 
this algorithm trough a various number of iterations calculates the minimum of 
this function in order to have all the atoms in their lower energy states. Through 
the calculation of the gradient of the function, that gives the direction in which 
the function increases the most, so if steps are made in the opposite direction a 
decrease in energy is always guaranteed, and at iteration, potential energy and 
maximum force is calculated and new atom positions give rise to new functions 
and the cycle repeats, however there is a downside to this algorithm as both the 
gradient and the direction of successive steps are necessarily perpendicular one 
to another, leading to a zig zag movement of the decrease in energy. This algo-
rithm is faster in the initial stage of EM, since the first corrections are the one that 
lead to biggest descents in energy [56]. 
• Conjugate Gradient algorithm (CG) 
CG is used to eliminate the downside of the SD method, because in each 
step gradients are orthogonal, however the direction of each step in conjugate on 
to another, leading to the elimination of the zig-zag pattern created by the SD 
algorithm. However, it is only used after the major EM step is performed by the 




The next step in the simulation is the Equilibration step, in order to apply 
heat and pressure to the system until these parameters are stable. The way the 




= 𝐹 𝑖 
 
Equation 7 
Where 𝑟 𝑖, 𝐹 𝑖 and 𝑚𝑖 are the coordinates, forces acting on it and mass of the 
particle 𝑖 respectively. 
The algorithm used to iterate over the Equation 7 it is the leapfrog iterator. 
That calculates velocities at half integer steps and positions are calculated at in-
teger steps [58]. As depicted in Figure 14. 
So, at the integer time steps, the forces and positions are calculated and at 
half-integers time steps velocities are calculated that are used to calculate the new 
positions at the integer time steps [58]. 
The Molecular Dynamics simulation start after the equilibration (using var-
ious algorithms, however all solve the same equation differing only in the iterator 
used). 
However, MD simulations have various levels of detail regarding the para-




Figure 14 Leap Frog integrator depiction where t is the time of simulation, v is 




• Fully Atomistic Simulation 
o All atoms (AA) 
In these simulations, all the atoms of the molecule are considered in the sys-
tem's energy calculation.   
o United Atom (UA) Simulation 
In these simulations the non-polar hydrogens are withdrawn from the 
structure to be calculated, however are implicit in the parametrization of the mol-
ecules. This leads to faster calculation times, since less atoms are contributing to 
the system's energy. 
• Coarse Grained (CG) simulations 
In CG, atoms are not considered individually, instead super-atoms are cre-
ated having inside the parametrization all the features of atom groups that con-
stitute the super-atom. 
As stated before in this sub-chapter, the major work developed in MD sim-
ulations revolve around proteins. 
• Unveiling the structure of a protein [59] 
• Binding assays with a ligand [60] 
• Catalysic studies of proteins (mixed MD - Quantum mechanics) [61] 
Nevertheless, MD simulations are used in various fields of organic chemis-
try, however only the studies of LC and IL are going to be described in the pre-
sent work. 
 
Molecular Dynamics in Liquid Crystals and Ionic Liquids 
With the possibility of studying longer simulation times with somewhat 
cheap hardware, LC became an extensively studied field, where suddenly order 
diffusion became a possible study opening the gates to most of the MD studies 




• Calculate order parameters and Molecular stacking of LC 
Zhang et. al "An Atomistic Simulation for 4-Cyano-4'-pentylbiphenyl and Its 
Homologue with a Reoptimized Force Field" [12] reoptimized "Transferable Potentials 
for Phase Equilibria" forcefield to simulate 5CB bulk phase, in order to calculate 
P2 order values and how the molecules are packed in the bulk, having obtained 
a convergency at 25 ns of the system to have a P2 order value of 0,51 and noted 
that the molecules tend to align trough the cyano heads and by π -π stacking, as 
simulated in Figure 15. 
 
• Calculate elastic constants of nematic LC 
Sidky et. al in " In Silico Measurement of Elastic Moduli of Nematic Liquid Crys-
tals " [62] demonstrated that all nematic elastic constants could be calculated di-
rectly from atomistic molecular dynamics. 
• Interfacial studies of 5CB and water 
Ramezani-Dakhel et. al in " Understanding Atomic-Scale Behavior of Liquid 
Crystals at Aqueous Interfaces " [63] studied the interface between 5CB and water 
and between 5CB and vacuum, calculating tilt angles, order parameter along the 
5CB layer. And the type of anchoring of the LC in the water interface, noting that 
it was planar. As simulated in Figure 16. 




The author calculated the tilt angle of the 5CB molecules with the interface 
along an axis. Where the molecules' long axis orientation varies with the dis-
tance to the interface, having a variance in the director of the phase, as depicted 
in Figure 17. 
 
Figure 16 5CB and water anchoring, with water depicted as red beads and 5CB shown as the cyan 
and blue beads 




• Interfacial studies of LC and amphiphilic molecules 
Abbot et al in " Amphiphile Induced Phase Transition of Liquid Crystals at Aque-
ous Interfaces" [38] studied the effect of an amphiphilic layer in between water the 
water layer and the LC layer, noting that the amphiphilic layer would induce an 
homeotropic alignment to the LC phase. An to prove that the amphiphilic would 
in fact only diminish the anchoring force and not induce a reorientation of the 
molecules' long axis, a simulation with two water layers, was performed having 
reached a state where the molecules would have a planar anchoring and an iso-
























All simulations undergone the same protocol in order to uniformize sys-
tematic errors present in each simulation present in the software used two 
Gromacs [64] versions (Gromacs 5.1.4 and Gromacs 2018.4), the procedure fol-
lowed 4 steps. 
System assembly consisted in using PackMol [65] in order to randomly 
place molecules throughout the system's box. The user defines the size of the box, 
the shape of the box and the number of molecules inside the box.  
 Regarding the hardware used in this work, energy minimizations were all 
carried out in a computer with a i5-3470 processor without GPU support. The 
MD simulations of 5CB, 8CB and IL were carried in a computer containing an 
intel xeon gold e-35 with 24 cores and 4 Nvidia Tesla M2900 with CUDA 8 GPU 
support, using gromacs 5.1.4.  A new computer, with an AMD Ryzen 2700X octa-
core CPU and  a Nvidia RTX 2070 GPU with CUDA 10 support arrived to the lab 
mid-project with higher performance, the MD simulations of bigger systems, 
containing the mixture of 5CB, IL and water, were carried out in it and a newer 
version of gromacs was used, gromacs 2018.4.  




The first forcefield used was gromos53a6 [66], as the first approach was to 
submit 5CB to Automated Topology Builder (ATB) [67] and retrieve the custom 
forcefield and parametrization from it. Molecular parameters from PRDRG [68] 
were also retrieved based on gromos53a6 forcefield. However, the Optimized 
Potentials for Liquid Simulations (OPLS) forcefield [69] and parametrization was 
the one chosen since it represented better the characteristics of 5CB, all parametri-
zation for it was retrieved from Ligand Parameter Generator (LigParGen) [70]. For 
the Ionic Liquid a fully detailed forcefield and parametrization, based on OPLS 
forcefields was found in the literature [71]. 
All the simulations were performed at 300 K controlled with a Berendsen 
thermostat, with 1,03 bar of pressure controlled with a Berendsen barometer em-
ployed with a relaxation time of 1.0 and 0.1 ps, a grid neighbor search with a cut-
off radius of 1,0 nm was used, and cubic periodic boundary conditions were 
used, under NPT conditions, Van der Walls interactions were truncated to 1,0 nm 
in the MD simulations of PRDRG and ATB. For OPLS MD simulations, parame-
ters were retrieved from an article [72], maintaining every parameter equal except 
for the Van der Walls truncation distance that was raised to 1,4 nm in order to 
force more interactions between the 5CB molecules, the default and modified pa-
rameters are displayed in the Supplementary Information (SI 1 ; SI2). 
All performed simulations, were at an atomistic level using all-atoms mo-
lecular parameters. 
Various analysis were made using gromacs analysis tools, gmx energy was used 
to calculate the bulk density, gmx density was used to calculate the partial den-
sities along an axis, gmx rdf was used to perform all the RDF’s. MDtraj [73] was 
used to calculate the P2 order parameter with used script in the Supplementary 
Information (SI 3), and MDanalysis [74] was used to calculate order parameter 














In this chapter the various results will be presented, and further discussion 
will take place.  
The chapter is divided in three major sub-chapters: 
o The work concerning 5CB 
o The work developed in IL 
o Finally, the work related to all the components mixed  
3.1 - 5CB 
The first component that was tackled in this work was the Liquid Crystal, 
as it was the one that is expected to have the most notable changes in the final 
system containing, since it is very noticeable the LC phase changes. 
Firstly, various forcefields were used to see how the 5CB would be simu-
lated, and in order to evaluate the simulations' success, the properties studied 
were: 
- Density, since it a direct comparison to the experimental data available, 
being the reported value of 1,02 g/cm3 [15]; 
- And the P2 order parameter, since it was known that 5CB had to have a 
P2 order parameter between 0,4 and 0,6 [12], however it is reported in various cases 
that simulations tend to overestimate the P2 order value, so it is expected for the 
order values to be over 0,4  for the phase acquired to be considered as nematic 




 To facilitate the identification of certain atoms crucial to the development 
of this chapter, arbitrary numeration of atoms in the molecules is given. 5CB has 




Before any kind of simulation in order to consider a simulation valid the 
parameters simulated need to have an error inferior to 5% as it was stated in [12], 
that the average errors of simulations are around 5%. 
Another criterion is that all simulations is that they start as isotropic, that is 
achieved by randomly placing 5CB inside a box using gromacs, insert-molecules 
command. 
Two parametrizations were first used, because they were easy to use. They 
were PRODRG and ATB, where PRODRG. And, after the literature review seen 
that gromos53a6 forcefield could be used to simulate the behavior of liquid crys-
tals, ATB was used, since it would output a modified gromos53a6 forcefield. And 
PRODRG would search for atoms in their database in similar environments out-
putting the parameters for each atom. 
However, the difference between the two parameterizations is that, PRDRG 
simply outputs a topology file to be used in GROMACS not having any kind of 
energy minimization, guaranteeing that the input structure is correct, opposingly 
ATB first would do various stages of energy minimization of the inputted 




molecule (starting with molecular mechanics and finishing with density func-
tional theory calculations), giving a more reliable topology file. 
Whilst both the topologies retrieved from the servers would give an accu-
rate density simulation, the difference started to be noted at the P2 order value 
with PRDRG to have difficulties to have reasonable P2 values, achieving only a 
P2 value of only 0,26, after a simulation of 100 ns with the same inputs as de-
scribed in the methods. 
The evolution of the P2 value can be seen in Plot 1, where the P2 order pa-
rameter is Plotted trough time of simulation.  
As can be seen in the Plot 1 a nematic phase isn't reached, this is due to 
PRODRG to have flaws simulating charges. And since most of interaction be-
tween 5CB are electrostatic and hydrophobic, correct charges are crucial in order 
to have a plausible simulation of the real system. The lack of order can be as-
















Plot  1 P2 evolution trough time of PRODRG topology, with the phase considered nematic is only 






It is important to note that the molecules don’t have a director to which 
they align to meaning that an isotropic phase was achieved. Although the P2 or-
der parameter isn't simulated in a plausible way, density obtained from the sim-
ulations is of 1,031 g/cm3, having a deviation of 1,07% to the value retrieved from 
the literature of 1,02 g/cm3 [15]. 
Therefore, the next step was to use the ATB parametrization and custom 
forcefield. The density obtained from the simulations was 0,986 g/cm3 with a de-
viation of 2,83% (still a minimal error, given that it is below the stipulated thresh-
old) to the theoretical value, however a P2 order value of 0,47, being significantly 
higher than the PRODRG topology, however the system obtained was barely ne-
matic phase given the P2 order value being in the lower threshold of what is 
considered nematic. 
Figure 21 a) Initial configuration of 5CB system containing 165 molecules of 5CB inside a 5nm sided box. b) Snapshot of 




Despite being on the lower end of order values inside the nematic phase, 
order starts to be noticeably higher than the simulation from PRODRG, as can be 

















Plot  2 P2 order value over time of 5CB system using ATB topology and modified forcefield, being consid-
ered a nematic phase above the blue line 
Nematic phase 
Figure 22 Snapshot of the last frame of simulation using ATB topology as custom forcefield, with a simulation time of 







By the visual analysis of Figure 22, it is possible to note that the molecules 
tend to align with the Z axis, and the molecules tend to stack by the cyano moie-
ties, being antiparallel each molecule with the partner with the nitrogens being 
5,78 Å apart, as depicted in Figure 23 a). 
a) b)  
 
However, this stacking is not the only one happening in the system, π-π 
stacking may occur as well, having a distance between the nitrogen and the fur-
thest carbon of the biphenyl moiety of 4,88 Å, as shown in Figure 23 b) 
These are the most commons stacking options in the nematic phase of 5CB, 
as confirmed by Zhang et al. in " An Atomistic Simulation for 4-Cyano-4'-pentylbi-
phenyl and Its Homologue with a Reoptimized Force Field " [12], where the author per-
formed Radial Distributions Functions (RDF) between the nitrogens of each mol-
ecule in the cyano moiety(atom number 19), and between the nitrogen in the 




cyano (atom number 19) and with the furthest carbon atom of the biphenyl moi-
ety (atom number 1). The results of those RDF are displayed in Plot 3. 
  By scrutinizing Plot 3 the green line, it is possible to conclude that the first 
peak corresponds to the cyano heads arranged in an antiparallel way as depicted 
in Figure 23 b). In the black line, it is possible to see two sharp and high peaks, 
the first peak at about 4 Å corresponds to the π-π stacking as depicted in Figure 
23 b) and the second high peak at 9,6 Å corresponds to the distance between at-
oms 19 and atom 1 in the same molecule (as shown in Figure 24) , the black line 
has two peaks that corresponds to anti-parallel and parallel arrangement of 5CB 
molecules, and the values are in accordance with the literature [75], the RDF for 
the cyano interactions are in accordance with the RDF’s obtained in the literature 
[71]. By analyzing the RDF, the higher peak corresponds to the more likely stack-
ing, that being the π-π stacking.  
 By reviewing the literature, OPLS was found to be a better option, since 
various articles were found that used OPLS based forcefields to simulate various 
LC, either nematic, like 5CB, E7 or smectic like 8CB. 
Plot  2 RDF of 5CB with the ATB topology, the green line representing the RDF between atoms 19 of each molecule, 











atoms 19 of each molecule 




LigParGen was used to parametrize 5CB, so the results were very prom-
ising since the density value of 1,01 g/cm3 were in accordance with the previous 
values found in the literature in MD simulations, inside the same error range, 
since it had an error of 0,98%. Having a better simulation capability than the 
PRODRG. However, the real advantage of OPLS forcefield is in the simulation of 
liquids, since it very accurately represents charges in liquid phases (being the 
main goal in this forcefield) [75]. So, it is expected for it to excel in representing the 
nematic phase of 5CB. 
And, as excepted it delivered with a P2 order value of 0,65 meaning that 
the phase obtained was a very clear nematic phase, as portrayed in Figure 25. 
By analyzing Figure 25 it is possible to see a clear director inside the phase, 
where all molecules inside the bulk tend to align to. 
?⃗?  
Figure 25 Snapshot of the last frame of the simulation with the LigParGen topology, with a simulation time 
of 100 ns, at 300K, with a 5nm cubic box side and with 142 molecules, where ?⃗?  is the director 




 Another upside of using OPLS forcefield is the small amount of time 
needed for the system to present order, as can be seen in Plot 4. 
The stacking present in the OPLS simulation, is very similar to the stacking 
in the ATB simulation, having: 
















Plot 3 P2 evolution over time of all topologies and forcefields. Blue line represents the PRODRG 
parametrization, the orange represents the ATB parametrization and the grey line represents the 
LigParGen parametrization. 




• Stacking through π-π stacking as shown in Figure 27 
To analyze which stacking is more common, an RDF between the same at-
oms as in Plot 3 was realized, being depicted in Plot 4. 
 By analysis of Plot 4 is possible to conclude that exist both the stacking in 
the system, however the stacking coming from the cyano moieties is more recur-
rent this is given to that OPLS represents better charges in liquid state, promoting 
therefore the cyano interactions, however the π-π stacking is still predominant, 
Figure 27 Snapshot of stacking through π-π stacking 













atoms 19 of each molecule 




the values obtained for the distances of π-π stacking are in accordance with the 
values in the literature [76]. 
 
Water Interface studies 
Having decided that OPLS was the best forcefield, the next phase is to study 
the effect of water to the LC. Since in the final system, the goal is to see the dif-
ferences between the system with and without the Ionic Liquid, and water is pre-
sent in the system. 
It is expected, to have phase separation between 5CB and water, so the pro-
tocol to simulate phase separation consisted in: 
1. Creating a box and inserting randomly 5CB molecules 
2. Through gromacs, insert randomly water molecules in empty spaces 
3. Run normal procedure for simulations (Energy minimization, Equi-
libration and MD run) 
So, the initial system of the MDRUN, would look like Figure 28. 
In Figure 28 is possible to observe, the inexistence of two phases, as it was 
expected, and a random displacement of the 5CB molecules inside the system, 
translating in a P2 order value of 0,24, and culminating in a P2 value of 0,88 as 
shown in Plot 5. 
Figure 28 Snapshot of the initial system of the MD run, after the equilibration step, with 5CB 




By the analysis of Plot 5, can be seen that P2 evolution is steeper than the 
evolution without water. This is due to water forcing 5CB to order by repulsion 
of the water molecules by not mixing with it. 

















Figure 29 Snapshot of the last frame of simulation of 5CB and water, using OPLS forcefield. Simulation time of 100 
ns, at 300K, in a 5nm side cubic box with 142 molecules of 5CB, where ?⃗?  is the director of the nematic phase. 







Scrutinizing the Figure 30 it is possible to see phase separation of 5CB and 
water as it was expected, and that can be confirmed when it is calculated the 
density of 5CB along the X axis (red axis in Figure 30), outputting Plot 6. 
By the examination of Plot 6, it is possible to conclude that the average den-
sity between 2,1 nm and 3,9 nm (the effective site of 5CB inside the system) is 1,02 
g/cm3 which is in conformity with the experimental density. And the density of 
water at 300K is of 0,99 g/cm3 [77] and the average between 0 and 1,6 and 4,2 and 5 
nm (the bulk phase of water) is of 0,96 g/cm3, the rest of the box is not considered 
to the averages since it is the interface and the density on those sites is influenced 
by the mixture, so only bulk densities are considered. 
The major stacking in water and 5CB simulations consist in π-π stacking 



















Plot 6 Density of 5CB and water along the X axis; red line: 5CB density; purple line: water density and 
the black box represents the interface of the system. 
Figure 30 Representation of a π-π stacking 




The anchoring in the system, is in accordance with the literature as stated 
in introduction. 5CB in water environments is planar, the system ended with the 
5CB molecules horizontal to the plane defined by the water molecules, to confirm 
the visual conclusion, the P2 order value to the plane between the molecules' long 
axis and the YZ plane was calculated. Reaching a value of 0,7 at the interface of 
2 nm. This value being lower than the overall P2 where the average of the mole-
cules' long axis produces the director, indicates that the molecules tend to be 
slightly tilted and not perfectly horizontal. 
The stacking of the molecules is assessed the same way as in previous sub-
chapter by performing RDF of atoms 19, between atoms 1 and 19 (following the 
numbering in Figure 22). The result is displayed in Plot 7. 
By the analysis of the Plot it is possible to see that the second peak in the 
blue line is now the sharper and higher than the peaks in the orange line. Indi-
cating that the most common arrangement is through the cyano heads, and the 
π-π stacking occurs with less frequency. This may indicate that the π-π stacking 
is present in the arrangement in the layers of 5CB and that the cyano head inter-
action is present in the bulk of the system. 
Plot 7 RDF concerning the 5CB and water simulation using the OPLS forcefield 












atoms 19 of each molecule 










Herein is reported all the results obtained concerning the studies of the 
Ionic Liquid BMIM-DCA, it was chosen due to that it was used in the protocol of 
the sensing gels of the electronic nose reported in "Tunable Gas Sensing Gels by 
Cooperative Assembly" [20]. The only work made was confirming the forcefield 
used, since it was retrieved from an article [71] 
Forcefield Reproduction 
As reported in the methods chapter, there were descriptions of OPLS 
forcefield usage in simulations of a collection of ILs [71], so to make sure the 
forcefield would have the same results as the article described, a simulation of 
[BMIM][DCA] at 300 K, with 1000 molecules of IL was performed. The studied 
parameters were density and RDF (that gives the average distance of the anion 
and cation and where the cation tends to be). 
[BMIM][DCA] has the chemical structure illustrated in Figure 31. 




The ions were put in a cubic box with 10 nm of side, using PackMol. 
The first frame of the simulation consisted of cations and anions randomly 
displace inside the box, as depicted in Figure 32. 
As seen in the Figure 32 it is possible to confirm that the molecules are ran-
domly displaced and that the cation and anion isn't distributed periodically as it 
was expected from the literature review. 
The simulation undertook 100 ns, outputting the frame depicted in Figure 
32. 
Figure 32 Snapshot of initial stage of simulation with 1000 IL molecules inside a 10 nm sized side cubic 
box 
Figure 33 Snapshot of the last frame of the simulation, ran for 100 ns, at 300 K, inside a 10 nm side cubic box with 




By examining Figure 33 it is possible to start to note a trend, where the ani-
ons tend to be near the nitrogen atoms of the imidazolium moiety. 
This can be confirmed by realizing RDF between the hydrogen of the carbon 
number 2 in the middle in the two nitrogens of the imidazolium ring and between 
the nitrogens in the cyano of DCA atoms number 13 and 14. The RDF’s per-
formed are depicted in Plot 8. 
By the study of Plot 8 it is confirmed that indeed, there is a trend for the 
anion to stand near the cation's nitrogens and carbon. Given that the blue line 
and orange line present very sharp peaks, and the tendency is for the anion to be 
near the cations positive charge. 
The second parameter studied in this work was density, having obtained a 
value of 1,059 g/cm3, that is in accordance with the experimental values, since it 
is between 1.057 (value ate 303,15 K) and 1.060 (value at 298,15 K) [78] and as ex-
pected the obtained value is smaller than the value at 298,15 K but higher than 













Plot 8 RDF performed in the IL simulation, with the brown line representing the RDF be-
tween hydrogen bonded to carbon number 2, and the pink line representing the hydrogens linked 




3.3– Mixture (5CB; IL; wa-
ter) 
 In this last sub-chapter of this chapter, the mixture containing 5CB and 
Ionic Liquid is going to be reported, starting by a simulation of a box with ran-
domly placed 5CB and IL, to see if phase separation is achieved. 
 In the first simulation, the initial state of the simulation, is depicted in Fig-
ure 34. 
 By the scrutiny of Figure 35 it is possible to unveil that indeed the mole-
cules are randomly displaced inside a 5 nm side cubic box, the simulation will be 
undertaken at 300 K, for 100 ns, at 1 atm of pressure with 100 molecules of both 
components. The final frame is depicted in Figure 35. 
 
Figure 34 Snapshot of the first frame of the MDRUN, after the equilibration step. With 5CB in red, The 




 After inspecting Figure 35 it is possible to conclude that neither there was 
any kind of phase separation, to confirm density of 5CB and the cation along the 
X axis is calculated, resulting in Plot 9. 
 By analyzing Plot 9 is possible to conclude that 5CB and the IL had no 
interface formed by themselves. 
Figure 35 Snapshot of the final frame of the first simulation with 5CB and IL, for 100 ns at 
300 K, at 1 atm of pressure, inside a 5 nm side cubic box with 100 molecules of each component, 

























Alongside the lack of phase separation, the P2 order parameter was very low, 
only achieving the maximum value of 0,24. The evolution is represented in Plot 
10. 
By inspection of Plot 10 it is possible to conclude that the system does not 
tend to a nematic phase of LC and the changes in the order parameter are negli-
gible. 
Since the objective of this work is to study the interface of 5CB and 
[BMIM][DCA], instead of using cubic boxes, a parallelepipedal box is used where 
molecules are put in different coordinates, however molecules are put in a ran-
dom fashion inside their compartments, as in Figure 37. 
Figure 36 Initial configuration of the forced interface system with 5CB in red, the cation in blue and the 






















As seen in Figure 36, the molecules are separated however they are not or-
ganized in any kind of way. 
However, due to periodic boundary conditions 5CB interacts with the IL 
both on the top and on the bottom, making 5CB experiencing a bilayer of IL as 
depicted in Figure 37, where the IL layer is duplicated along the X axis. 
Having this is mind the simulation was undertaken for 100 ns, at 300 K, at 
1 atm, on a parallelepipedal box with the following dimensions : x= 10 nm - y= 
5nm - z =10, with 312 molecules of 5CB and 386 molecules of IL, those number 
were calculated in order to have the right density inside each compartment be-
fore starting the simulation. The first frame of simulation is depicted in Figure 38 
a). 
Figure 37 Periodic boundary conditions of the system depicted by replicating the IL layer 






a)  b)  
 
 The simulation undertook 100 ns and outputted the following state por-
trayed in Figure 38 b). 
Figure 38  a) Snapshot of the first frame of the simulation where the interface was forced b) 
Snapshot of the last frame of the forced interface simulation, for 100 ns, at 300 K, at 1 atm, with a box 
with the following axis dimensions X =10 nm, y,z = 5 nm, with 312 5CB molecules and 384 IL mole-






Analyzing Figure 39 b) it is possible to see a clear interface, as confirmed by 
the calculation of density along the X axis. Confirmed in Plot 11. 
Plot 11 Calculation of the density of 5CB (red line) and the IL cation (cyan line) along the 
X axis 
Through the review of Plot 13 it is possible to see a clear phase separation 
in the middle of the at 5 nm, and having LC density of 1,02 g/cm3, being in ac-
cordance with the density obtained in previous simulations, being in accordance 
to the experimental value of 1,02 g/cm3. And the IL presents a density value of 
1,05 g/cm3. 
So, an interface between the two phases was achieved, however through 
visual inspection a nematic phase still hasn't been achieved. Confirmed by the 
calculation of the P2 order value that is very similar to the value obtained in the 
simulation without an interface, reaching only a maximum value of 0,16. The P2 




























Plot 12 P2 evolution along time of the forced interface simulation 
 As seen in Plot 12, it is possible to conclude that the system does not 
achieve a nematic phase. 
 However, the lack of order could be due to the fact that the LC was having 
influence by both layers of IL (as depicted in Figure 38) with both the layers forc-
ing the LC to align to them and ending up in a disordering made by the LC bi-
layer. So, to avoid turning off the periodic boundary conditions, since to turn 
them off, the thermostat and barostat would have to be changed, the method for 
searching neighboring molecules would have to be changed as well. And since 
time was a valuable asset, repetition of all the work developed so far would be 
impossible to perform.  
In order to mitigate the effect of both the layers of IL messing up the order 
in the system, a longer LC compartment was arranged, maintaining the amount 
of IL in the system, the 382 molecules, the amount of size available for the LC 
was now 10 nm and 610 molecules were now in the system, so now it would be 
expected for the system to achieve some kind of ordering in the bulk of the sys-
tem, where the effects of the anchoring to the IL would now diminish giving the 
increased distance. So, the final parallelepipedal box has the X axis with 20 nm, 



















All the parameters in the simulation would remain the same being the 
only change the ones mentioned above. Leading to a system configuration as the 
one depicted in Figure 39 a). 
 
 
 The initial frame demonstrates a starting point of the simulation with an 
isotropic distribution of the LC and random distribution of the cation and anion 
inside the compartment. 
 The result of 100 ns of simulation is represented in Figure 39 b).  
a) b) 
Figure 39 a) Initial frame of the simulation with 610 molecules of 5CB and 386 molecules of IL, 
with the colour code the same as Figure 37 b) final frame of 100 ns of simulation, at 300K, at 1atm, 






Through the analysis of Figure 41 b) it is possible to unveil that as the last 
simulation, phase separation is achieved as proven in calculation of density along 
the X axis, the density is Plotted against the X axis variation in Plot 13. 
 The density along the X axis allows for the confirmation of the phase sep-
aration. The density value of 5CB in the bulk is 1,02 g/cm3, is in accordance with 
the experimental value described in the literature, and the density value for the 
























 Regarding the P2 value along time, is Plot ted in Plot 14. The overall P2 
value reached is 0,12, translating in an isotropic phase. 
 The overall P2 translates in a disorganized phase of LC, so a change in 
protocol needs to be done, and there are two options for the disorganization ei-
ther the 5CB molecules don't have enough space to move freely and therefore 
organize themselves given the conditions. One possibility to rectify this lack of 
freedom is to add a layer of vacuum underneath the 5CB layer, giving space for 
the 5CB to more freely move and needing less energy to organize. The other op-
tion is that water (that is present in the protocol for the sensing-gel) plays a cru-
cial role in the organization of the LC layer. 
 In order on easiness of reading the first option approached, is the addition 
of a vacuum layer, as water adds another layer of complexity to the discussion of 
results. 
 The system containing vacuum, had the same parameters as all the previ-
ous simulations, changing only the number of molecules, the number of LC mol-
ecules remained the same, and the amount of IL was lowered in order to diminish 
the anchoring effects in the LC phase, the initial phase before MD simulation is 




















 As seen in Figure 40 it is possible to see the amount of vacuum, shown as 
blank space, after energy minimization and equilibrations, outputs the structure 
shown in Figure 41. 
              a)  b) 
 
 By direct analysis of Figure 41 a) it is possible to understand that the empty 
space was occupied by the LC since it is energetically favorable for it to occupy 
as much space as possible given there is less repulsion between the molecules, 
leading to a more stable energetic level. However, the effect wanted from the 
Figure 40 Depiction of the vacuum in the starting structure before the energy minimization 
Figure 41 a) Stage of Simulation after equilibration and energy minimization b) Last frame 
pf the simulation ran for 120 ns, in a box dimensions of X = 13 nm, Y,Z = 5 nm with 311 molecules 








extra space was still achieved because, just by equilibration is possible to see ma-
jor improvements comparing to previous simulations as LC molecules are start-
ing to order themselves, at the end of equilibration a P2 order value of 0,2. 
  The final stage after 120 ns of simulation (extra simulation steps were 
added to this simulation since what is trying to be seen is the diffusion of order 
along time, and diffusion is very slow, because every molecule depends on the 
movement of each molecule) it was then reasonable to conclude that maybe mol-
ecules don't have enough time to reach their most stable conformation. The rest 
of the parameters are equal to the previous simulations. 
 By the inspection of Figure 41 b) it is possible to see the start of ordering 
to rise in the system, as can be confirmed by the evaluation of the P2 order value 
along time, resulting in Plot 15. 
 Although the variation on the P2 may not be large it reaches an overall 
value of 0,4 near 100 ns of simulation, indicating that a nematic phase was 
achieved, indicating that it is possible to simulate a nematic phase in a mixture 
with Ionic Liquid, so the alignment is expected to be homeotropic so it can be in 





















of the LC is, the P2 value is going to be calculated along a plane and an axis. 
Resulting in Plot 16. 
 Through the analysis of Plot 16 it is possible to conclude that near the in-
terface at about 7 nm it is possible to see the interface of the system, and analyzing 
the value it is possible to conclude that there isn't a preferred orientation of the 
molecules long axis according to the plane or the vector however there are 
slightly more molecules aligned to the X axis than the YZ plane, leading to a par-
tial homeotropic alignment. This result indicates that the geometry retrieved 
from such a system in an experimental work, an intermediate configuration 
would be obtained in the droplet, however this is not the result expected as to 
have a radial droplet, the simulations must have a major homeotropic alignment 
and not a residual advantage over the planar alignment.  
Having had regarded the P2 order part of the simulation, density is now 
to be studied, and for that density was calculated along the X axis, outputting the 
following Plot 17. 
Plot 16 P2 order value to the YZ plane (blue) and to the X axis (blue line) through 















 Calculating the density of the bulk 5CB a value of 1,03 g/cm3 is achieved 
that is in accordance with the literature value, however when studying the value 
for the IL a value of 0,964 g/cm3, being very far apart from the value found in the 
literature having an error of 9 %, indicating that the number of the IL present in 
the simulation is crucial to the correct simulation of the IL inside the system. 
Having then discarded the possibility of adding vacuum without turning 
off the periodic boundary conditions, the path chosen to be followed was by add-
ing water randomly in all empty spaces to the simulation containing both a con-
siderable amount of LC and IL, this is the simulation that contained double the 
amount of 5CB compared to IL. And besides the vacuum it was added a layer of 





























The initial frame for this simulation is depicted in Figure 42 a). 
a)  b) 
By the analysis of Figure 42 a) it is possible to say that water, filled empty 
spaces inside the 5CB layer, however that may be a problem since it is known 
that water forces planar anchoring to 5CB, however it may still work since all the 
water is on the top part of the simulation and box, leaving the bottom part empty 
for homeotropic alignment. 
As can be seen in Figure 42 b), indeed a nematic phase was obtained, as 
can be confirmed by the calculation of the P2 order value, obtaining a maximum 
value of 0,37 after the first 100 ns, however after another 100 ns of simulation a 
value of 0,58 was achieved. 
?⃗⃗⃗?  
Figure 42 a) Snapshot of the initial state of the simulation with water and 610 LC molecules and 386 IL molecules b) 
last frame of the simulation (on the right), during 200 ns, at 300 K, at 1 atm, with box dimensions of: X =18 nm; Y,Z = 5nm, 
with 610 molecules of 5CB (red) 386 molecules of IL ([BMIM] blue; [DCA] green) and 3217 water molecules (yellow), where 







Whoever by visual analysis it is seen that the molecules tend to assume  a 
planar anchoring, which is in accordance with the literature, that states that the 
interaction between an amphiphilic molecule and LC is not strong enough to 
overcome the anchoring force of water and 5CB and, so near the amphiphile a 
quasi-isotropic phase is notice near the interface and a nematic phase is observed 
in the rest of the system, as seen by the calculation of P2 order values to the YZ 
plane and to the X axis. As seen in Plot 18. 
As expected the system near the interface at 50 Å presented a quasi-iso-
tropic behavior not having well defined arrangement, however the planar align-
ment was more likely to happen than the homeotropic one, given the difference 
between the P2, the tendency to remain nematic maintained along the box with 
the director being somewhere in between the YZ plane and X axis. 
 



















The second part of scrutiny of this simulation is by studying the density 
values along the X axis, outputting the Plot 19. 
 
Plot 19 Density values of 5CB (orange), IL (blue) and water (gray) along the X axis 
The values of density of 5CB in the bulk is 0,975 g/cm3 this distance to the 
real value is due to the fact that the molecules besides having water in the middle 
of the layer, as seen in Plot 19, by adding a 3nm layer of water the IL and water 
fully mixed as seen in the Plot above, created more space for the 5CB to freely 
move and diminishing the density value, lowering more than expected in the 
simulation. This freedom associated with the force of the water forcing the planar 



































Plot 20 RDF performed in the 5CB-IL-water simulation, with the orange line representing 
the RDF between IL hydrogen bonded to carbon number 2, and the blue line representing the IL 
hydrogens linked to carbon number 7, both were calculated having as a reference 
 To assess the simulation of the IL, since water and Ionic Liquid fully 
mixed it is necessary to scrutinize the RDF and compare them with the RDF ob-
tained from the simulations of IL alone. 
 Comparing Plot 20 to Plot 8 is possible to see various changes in the sharp-
ness of the peaks, this is suggestive that the presence of water is pushing the an-
ion and cation to more defined positions. As it is possible to see in the scale of the 
Y axis of the plot reaching maximum values of 4, whilst in Plot 10 only a maxi-
mum value of 3. However, the maximum peaks of both the lines stayed in the 
same position in length indicating that the distribution of the cation and anion is 
the same as in bulk. 
 In order to assess the major type of interactions between the IL and 5CB, 
RDF’s concerning both the molecules were executed in order to see which part of 
the molecules were interacting more. There were three possibilities of interaction, 
hydrophobic interactions between the hydrophobic parts of the cation and 5CB, 
π-π stacking between the 5CB biphenyl moiety and the cation imidazolium ring 
and electrostatic interactions between the 5CB polar cyano moiety and the imid-




















Plot 21 RDF between 5CB and the IL cation, with the blue line representing between the 
Centre of mass of each of the aromatic moieties (5CB - biphenyl ; [BMIM - imidazolium ring); 
orange between the nitrogen in the cyano moiety and the nitrogens in the imidazolium ring; 
and the gray line represents the RDF between the cyano moiety and the center of mass of the 
imidazolium ring 
By analyzing Plot 21 it is possible to see that a quasi-isotropic phase is ob-
tained in the interface between the IL and the 5CB since there is no preferred 
anchoring of the 5CB molecules (as it can be seen in the RDF as the intensity of 
the values of g(r) are very small). Instead what is seen is a mixture of the anchor-

























• π-π stacking between the aromatic rings 
As seen in the former Figure there is a clear π-π stacking of both the mole-
cules, these interactions are the main reason for the planar anchoring in this sys-
tem 
• Electrostatic interactions between cyano dipole and the imidazolium 
ring  
Figure 43 π-π stacking between the imidazolium moiety of [BMIM] and the biphenyl moiety of 
5CB, with a distance between each other of 4 Å 
Figure 44 Interaction between the imidazolium moiety of [BMIM] and the cyano moiety of 5CB, 




As seen in the former Figure there is an interaction between the cyano moi-
ety of the LC and the imidazolium ring of the IL, these interactions are the reason 
for the distortion of the nematic phase in the interface of this system. 
Given that the homeotropic alignment wasn’t reached, the hypothesis that 
the initial shape of the system would determine the anchoring of the system, 
maybe a spherical core of 5CB would be determinant to reach the homeotropic 
alignment. 
So, a system considering the amounts used in the protocol of the develop-
ment of the gas-sensing gel was used. 
The system consisted of a spherical core of 5CB and a box filled with 
[BMIM][DCA], as depicted in Figure 46 a) and the frame after a simulation time 
of 130 ns, at 300 K in 1 atm of pressure is shown in Figure 45 b). 
 The analysis procedure was the same for this simulation as it was for the 
previous, so the first step was to calculate the P2 order value for the whole sys-
tem, the plot obtained is depicted in Plot 24. 
a) b) 
Figure 45 a) Initial frame of simulation in a box containing 931 molecules of IL, 7517 molecules of IL and 28 






 As it is possible to confirm by analyzing the previous plot it is possible to 
confirm that a nematic phase was not achieved. This could be caused by the great 
number of molecules that are present in the simulation, leading to 130 ns not 
being enough to have an impact on the organization of the system. However, it 
is possible to see a small rise of order towards the end, indicating if the simulation 
time was bigger a possible nematic phase would be achieved. 
 Not having a nematic phase led to the decision of not calculating RDF’s to 
see the anchoring of the LC molecules to the IL layer, however there are visual 
indications that the molecules are tending to have a planar arrangement in the IL 
layer. In order to proceed with these studies, a CG approach is necessary, since 
in order to simulate 130 ns, one full month of calculation was necessary and, 
given that the phase obtained is not a nematic phase, this indicates that further 
extend of the simulation is required.  
 The next step in order to assess the trustworthiness of the simulation the 





















 The density calculation for the IL molecules is direct since there is a clear 
phase in the X axis where only molecules of IL are located, allowing for a sim-
ple average of the partial densities, outputting a density value of 1,06 g/cm3, be-
ing in accordance with values represented in the literature. However, since 
there is not a coordinate in the X axis which is full of 5CB a correction is neces-
sary in order to obtain the real density of 5CB and not just over a complete 
layer. So a correction over the sphere of 5CB was done, considered the bulk as a 





 Equation 8 
Where 𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑟𝑒𝑎𝑙 is the value of the 5CB bulk effective density, 
〈𝑑𝑒𝑛𝑠𝑖𝑡𝑖𝑒𝑠𝑝𝑎𝑟𝑡𝑖𝑎𝑙𝑚,𝑛
〉 denotes the average of the values of density outputted in 
Plot 25, L is the side of the box, and m and n are the X coordinates in which drop-
let is located. Applying Equation 8 to this system, the value of 5CB obtained is of 
1,04 g/cm3 having an associated error of 2,82%, being well inside the error range.  
 However, there is an inherent error in this simulation, this is, while the 
ratios of the protocol are in accordance with the literature [20], a crucial factor is 


















INT 5CB INT IL 
Plot 23 Partial densities of 5CB  (red) and IL (cyan)  of the simulation concerned with 




before water plays an important role in the ordering of the LC phase, so in the 






3.4 – 8CB 
In other to study the effect of the change in the alkyl chain, and the effect of 
a different liquid crystal phase, 8CB simulations, as depicted in Figure 46. 
So, the changes when considering 5CB and 8CB, is the size of the alkyl 
chain, where 5CB has a pentyl moiety and 8CB has an octyl moiety. Another dif-
ference between 5CB and 8CB presents a smectic-A phase [79]. 
Regarding 8CB order parameter, the P2 order value have been calculated 
for the nematic phase using OPLS forcefield, being reported values as high as 0,8 
and that they are temperature dependent [80, 81]. 
The method to unveil if the phase obtained is smectic-A or nematic is 
through the performance of RDF either perpendicular or parallel to the director 
of the phase in order to calculate the spacing between each layer of molecules. So 
if 8CB molecules have a smectic-A phase, the RDF (between the molecules center 
of mass) parallel to the phase director should have well defined peaks, indicating 
that the centers of mass have a well-defined layer spacing, however if the RDF 
doesn’t show any defined peak, it means that there is no positional ordering im-
plicating that the phase obtained is indeed nematic [79]. However, during the pro-
cess of this work a script that performed such RDF’s was not found. 
The density of 8CB at 300 K was found to be 1,028 g/cm3, at 320 K was found 
to be 1.005 g/cm3 [82].  




 All the simulations used the same input parameters as the 5CB simula-
tions, using OPLS forcefield and LigParGen molecular parametrization. All sim-
ulations went according to the procedure described in the methods sub-chapter. 
 The first simulations were undertaken at 300 K, for 100 ns at 1 atm, the 
initial stage of the simulation is depicted in Figure 47 a), and the final simulation 





By the analysis of Figure 52 b) it is possible to see the lack of ordering arising 
from the simulation, however this is in accordance with the literature [74] that 
states that at 300 K some crystallization starts to occur. This leads to a lack of 





Figure 47 a) Initial frame of the MD simulation of a box containing 141 molecules of 8CB (pur-
ple) inside a 5 nm sided cubic box b) final frame of simulation after 100 ns of simulation at 300 K in 




The P2 order parameter over time is depicted in Plot 26. 
Studying Plot 24 it is possible to conclude that the P2 order value at 100 ns 
is 0,38 indicating that a nematic phase wasn’t achieved, as was expected. 
 The density values of 8CB of this simulation is of 0,989 g/cm3 having an 
error of 3,79% of the value represented in the literature [82]. 
 Assuming there were traces of crystallization, the temperature of the sim-
ulations was risen to 320 K as it was reported as a transition temperature of 8CB 
using OPLs forcefield [78]. All the conditions remained the same except for the 
Temperature. This simulation is depicted in Figure 48 (initial frame with 141 8CB 
molecules inside a 5 nm sided cubic box (a) and the final frame after 100 ns of 






















a) b)  
 
 
By the analysis of Figure 48 a) it is possible to see that a full isotropic phase 
was the starting point for the simulation of 8CB, and that after 100 ns of simula-
tion a clear nematic phase was achieved having then obtained a P2 order value 
of 0,85 in the last frame (plotted in  Plot 27).  
?⃗⃗⃗?  
 
Figure 48 a) Initial frame of simulation of a 5nm side cubic box containing 141 molecules of 
















Plot 25 P2 evolution over time of the simulation containing 141 molecules of 8CB for 




Analyzing Plot 25 it is possible to confirm the orientational ordering present 
in the system. However, at 320 K, it was described that a smectic-A phase should 
be obtained [78], but this was not observed, since no layering was present in this 
simulation. This could be because there were not enough molecules in order to 
make a second layer of molecules. 
So to rectify this, a new simulation was done, doubling the size of the box  
that was outputted by the previous simulation along the Z axis, and randomly 
adding molecules in the empty space created by the elongation of the box, creat-
ing the system represented in Figure 49 a) the final system ended up with 280 
molecules of 8CB dispersed along 10 nm of the Z axis and 5 nm of the X and Y 
axis. In Figure 49 b) is represented the final frame of simulation after 200 ns at 






Figure 48 a) Initial frame of the simulation after inserting randomly the molecules on the 
blank space created by the elongation of the Z axis now 10 nm, the X and Y axis a 5 nm length, 











By the analysis of Figure 48 a) it is possible to see that the highlighted in 
orange it is possible to see already some orientational order inside the system 
from the previous simulation. 
Studying Figure 48 b) it is possible to see clearly orientational order of the 
system, being proven by the calculation of the P2 order value, depicted in Plot 
26. 
 As it was previously stated the system started with an ordered layer, as 
can be seen from the initial value of the P2 order value of 0,4, and after 200 ns of 
simulations it is possible to see that there is a clear orientational ordering of the 
system. However, to calculate the positional ordering of the system in order to 
assess if the system was indeed smectic, the RDF in an axis would need to be 
performed. Since the RDF was not performed only a visual inspection was done, 
and by the visual inspection partial layering was found, depicted by the black 
rectangles in Figure 54 b) as each rectangle is a possible layer of 8CB. 
 The density of the simulation was found to be, 0,975 g/cm3 which has an 
















Plot 26 P2 over time of the 300 ns of simulation of the system containing 280 8CB molecules inside a box 




 The last step in this simulation is to study packing of the molecules in the 
LC phase (since it is the first to present layering) in order to study this various 
RDF’s were performed. 
The RDF’s are going to be performed between the atoms number 10 of 
every molecule, between the atoms 14 of every molecule. The RDF are present in 
Plot 27. 
 
Analysing the RDF is possible to see that the first peak in the yellow line 
represents the interaction between neighbours cyano moieties as depicted in 
Figure 55 a), being responsible the parallel arrangement of the 8CB molecules, 
and that the blue line presents a peak at around 5,4 Å representing the π-π stack-
ing occurring in the system as represented in Figure 55 b), responsible by the 














Plot 27 RDF studies of 8CB simulation with the yellow line representing the RDF between atoms 14, gray line rep-




a) cyano moieties interaction 
 
b) π-π stacking 
 
Figure 49 a) Interaction between the dipole present in the cyano moieties of 8CB responsi-
ble for the parallel arrangement of the 8CB molecules. b) Interaction between the biphenyl moie-
ties responsible of the anti-parallel arrangement. 
 The next step in this work was to make a system containing 8CB and 
[BMIM][DCA] and study the effects of the longer aliphatic tail in the system. 













With this work it was able to conclude that effectively 5CB can be well sim-
ulated using MD to unveil packing, ordering effect of other liquids in the anchor-
ing, by a simple submission of a molecule to an online server a complete and very 
reliable topology was retrieved allowing for very accurate simulations. And very 
clear depictions of chemical and physical aspects that allow for Liquid Crystal to 
have the physical and chemical properties they have, such as ordering and den-
sity, and how the molecules packing effect the either the interaction with other 
as well as how it impacts the order of the nematic phase itself. 
The same can be concluded to ionic liquids it is possible to have a very reli-
able outcome that takes into account all the electrostatic potentials behind the 
correct parametrization of each molecules, especially those that contain highly 
polar moieties, that have a crucial role in how the molecule behaves in the bulk 
phase or in the interface with other liquids. 
Despite not being able to reproduce truthfully the homeotropic anchoring 
for radial droplets given various factors, as not turning off the periodic boundary 
conditions, not using the correct stoichiometric ratios to more truthfully depict 
the real sensing gel, or even by simply not allowing the system to simulate 
enough time to reach the homeotropic alignment. 
 With this work a first step inside the simulation this kind of complex sys-
tem, containing IL and LC mixed together opened doors to someone who wants 
to continue to simulate and work on such.  
However, some conclusions could be withdrawn from this work: 
• Without the right amount of IL and water no kind of organization can 
be achieved; 
•  Water is very important to maintain a clear phase separation between 
IL and 5CB, since IL is very hygroscopic, they tend mix with water, leav-
ing a polar surface that the 5CB doesn't tend to mix with, this leads to 




• Time of simulation is very important to the development of the ordering 
in the system, since diffusion is very slow, the bigger the system the 
slower the diffusion becomes. 
In order to reach the goal of homeotropic alignment of the system, crucial 
steps need to be taken, they are going to be stated, however any kind of im-
portance is implicit in the order they appear written. 
• Convert the forcefield from fully atomistic, to Coarse-Grained, OPLS 
is a forcefield that allows for this transferability of simulation type, 
however some changes would needed to be made in order to truth-
fully in Coarse Grained, one of them being the need to favor parallel 
and antiparallel interactions and penalize perpendicular interac-
tions, and maintain the anion at a constant distance from the cation, 
all of this needs to be done, based on the fully atomistic simulations; 
 
• The change of simulation leads to the second point, with it being let-
ting the simulations run for longer times, as with the bigger systems, 
bigger diffusion times are needed for the effects on ordering to start 
to have effects on the system; 
 
• Turn off Periodic Boundary Conditions along an axis in simulations 
were water or other kind of molecules is interacting with LC since 
most commonly water anchoring is strong enough to diminish the 
effect of other kind of homeotropic alignment inducing agents; 
 
• Finally, to get the values for each component right inside the simu-
lations, for example, don't forget that the water in the protocol is not 
the only water present in the system as the gel is hygroscopic and the 




Regarding the simulations containing 8CB it was possible to reproduce a 
nematic phase of 8CB and upon visual inspection, partial layering was starting 
to happen. However, to confirm the presence of a smectic layer, RDF’s parallel to 
the director of the system need to be performed. 
The next step in the 8CB simulations is to simulate the mixture between it 
and an IL, like [BMIM][DCA] and study the conformational changes inside the 
8CB layer. 
And after the change in LC the next step is to study different IL in the sys-
tem, with different cations, like changing the aliphatic tail of [BMIM]+ from a 
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S1  - STANDARD INPUT PARAMETERS 
INPUT PARAMETERS: 
   INTEGRATOR                     = MD 
   TINIT                          = 0 
   DT                             = 0.002 
   NSTEPS                         = 500000000 
   INIT-STEP                      = 0 
   SIMULATION-PART                = 1 
   COMM-MODE                      = LINEAR 
   NSTCOMM                        = 100 
   BD-FRIC                        = 0 
   LD-SEED                        = 2428728329 
   EMTOL                          = 10 
   EMSTEP                         = 0.01 
   NITER                          = 20 
   FCSTEP                         = 0 
   NSTCGSTEEP                     = 1000 
   NBFGSCORR                      = 10 
   RTPI                           = 0.05 
   NSTXOUT                        = 1000 
   NSTVOUT                        = 1000 
   NSTFOUT                        = 0 
   NSTLOG                         = 1000 
   NSTCALCENERGY                  = 100 
   NSTENERGY                      = 1000 
   NSTXOUT-COMPRESSED             = 0 
   COMPRESSED-X-PRECISION         = 1000 
   CUTOFF-SCHEME                  = VERLET 
   NSTLIST                        = 1 
   NS-TYPE                        = GRID 




   PERIODIC-MOLECULES             = FALSE 
   VERLET-BUFFER-TOLERANCE        = 0.005 
   RLIST                          = 1 
   RLISTLONG                      = 1 
   NSTCALCLR                      = 1 
   COULOMBTYPE                    = PME 
   COULOMB-MODIFIER               = POTENTIAL-SHIFT 
   RCOULOMB-SWITCH                = 0 
   RCOULOMB                       = 1 
   EPSILON-R                      = 1 
   EPSILON-RF                     = INF 
   VDW-TYPE                       = CUT-OFF 
   VDW-MODIFIER                   = POTENTIAL-SHIFT 
   RVDW-SWITCH                    = 0 
   RVDW                           = 1 
   DISPCORR                       = ENERPRES 
   TABLE-EXTENSION                = 1 
   FOURIERSPACING                 = 0.12 
   FOURIER-NX                     = 72 
   FOURIER-NY                     = 72 
   FOURIER-NZ                     = 72 
   PME-ORDER                      = 4 
   EWALD-RTOL                     = 1E-05 
   EWALD-RTOL-LJ                  = 0.001 
   LJ-PME-COMB-RULE               = GEOMETRIC 
   EWALD-GEOMETRY                 = 0 
   EPSILON-SURFACE                = 0 
   IMPLICIT-SOLVENT               = NO 
   GB-ALGORITHM                   = STILL 
   NSTGBRADII                     = 1 
   RGBRADII                       = 1 
   GB-EPSILON-SOLVENT             = 80 
   GB-SALTCONC                    = 0 
   GB-OBC-ALPHA                   = 1 
   GB-OBC-BETA                    = 0.8 




   GB-DIELECTRIC-OFFSET           = 0.009 
   SA-ALGORITHM                   = ACE-APPROXIMATION 
   SA-SURFACE-TENSION             = 2.05016 
   TCOUPL                         = V-RESCALE 
   NSTTCOUPLE                     = 1 
   NH-CHAIN-LENGTH                = 0 
   PRINT-NOSE-HOOVER-CHAIN-VARIABLES = FALSE 
   PCOUPL                         = BERENDSEN 
   PCOUPLTYPE                     = ISOTROPIC 
   NSTPCOUPLE                     = 1 
   TAU-P                          = 0.6 
   COMPRESSIBILITY (3X3): 
      COMPRESSIBILITY[    0]={ 4.50000E-05,  0.00000E+00,  0.00000E+00} 
      COMPRESSIBILITY[    1]={ 0.00000E+00,  4.50000E-05,  0.00000E+00} 
      COMPRESSIBILITY[    2]={ 0.00000E+00,  0.00000E+00,  4.50000E-05} 
   REF-P (3X3): 
      REF-P[    0]={ 1.00000E+00,  0.00000E+00,  0.00000E+00} 
      REF-P[    1]={ 0.00000E+00,  1.00000E+00,  0.00000E+00} 
      REF-P[    2]={ 0.00000E+00,  0.00000E+00,  1.00000E+00} 
   REFCOORD-SCALING               = NO 
   POSRES-COM (3): 
      POSRES-COM[0]= 0.00000E+00 
      POSRES-COM[1]= 0.00000E+00 
      POSRES-COM[2]= 0.00000E+00 
   POSRES-COMB (3): 
      POSRES-COMB[0]= 0.00000E+00 
      POSRES-COMB[1]= 0.00000E+00 
      POSRES-COMB[2]= 0.00000E+00 
   QMMM                           = FALSE 
   QMCONSTRAINTS                  = 0 
   QMMMSCHEME                     = 0 
   MMCHARGESCALEFACTOR            = 1 
QM-OPTS: 
   NGQM                           = 0 
   CONSTRAINT-ALGORITHM           = LINCS 




   SHAKE-SOR                      = FALSE 
   SHAKE-TOL                      = 0.0001 
   LINCS-ORDER                    = 4 
   LINCS-ITER                     = 1 
   LINCS-WARNANGLE                = 30 
   NWALL                          = 0 
   WALL-TYPE                      = 9-3 
   WALL-R-LINPOT                  = -1 
   WALL-ATOMTYPE[0]               = -1 
   WALL-ATOMTYPE[1]               = -1 
   WALL-DENSITY[0]                = 0 
   WALL-DENSITY[1]                = 0 
   WALL-EWALD-ZFAC                = 3 
   PULL                           = FALSE 
   ROTATION                       = FALSE 
   INTERACTIVEMD                  = FALSE 
   DISRE                          = NO 
   DISRE-WEIGHTING                = CONSERVATIVE 
   DISRE-MIXED                    = FALSE 
   DR-FC                          = 1000 
   DR-TAU                         = 0 
   NSTDISREOUT                    = 100 
   ORIRE-FC                       = 0 
   ORIRE-TAU                      = 0 
   NSTORIREOUT                    = 100 
   FREE-ENERGY                    = NO 
   COS-ACCELERATION               = 0 
   DEFORM (3X3): 
      DEFORM[    0]={ 0.00000E+00,  0.00000E+00,  0.00000E+00} 
      DEFORM[    1]={ 0.00000E+00,  0.00000E+00,  0.00000E+00} 
      DEFORM[    2]={ 0.00000E+00,  0.00000E+00,  0.00000E+00} 
   SIMULATED-TEMPERING            = FALSE 
   E-X: 
      N = 0 
   E-XT: 




   E-Y: 
      N = 0 
   E-YT: 
      N = 0 
   E-Z: 
      N = 0 
   E-ZT: 
      N = 0 
   SWAPCOORDS                     = NO 
   ADRESS                         = FALSE 
   USERINT1                       = 0 
   USERINT2                       = 0 
   USERINT3                       = 0 
   USERINT4                       = 0 
   USERREAL1                      = 0 
   USERREAL2                      = 0 
   USERREAL3                      = 0 
   USERREAL4                      = 0 
GRPOPTS: 
   NRDF:      122927 
   REF-T:         300 
   TAU-T:         0.1 
ANNEALING:          NO 
ANNEALING-NPOINTS:           0 
   ACC:            0           0           0 
   NFREEZE:           N           N           N 
   ENERGYGRP-FLAGS[  0]: 0 
STANDARD INPUT PARAMETERS OF GROMACS 
S2 
MODIFIED INPUT PARAMETERS OF GROMACS 
INPUT PARAMETERS: 
   INTEGRATOR                     = MD 
   TINIT                          = 0 
   DT                             = 0.002 
   NSTEPS                         = 50000000 
   INIT-STEP                      = 0 




   COMM-MODE                      = LINEAR 
   NSTCOMM                        = 100 
   BD-FRIC                        = 0 
   LD-SEED                        = 310865856 
   EMTOL                          = 10 
   EMSTEP                         = 0.01 
   NITER                          = 20 
   FCSTEP                         = 0 
   NSTCGSTEEP                     = 1000 
   NBFGSCORR                      = 10 
   RTPI                           = 0.05 
   NSTXOUT                        = 1000 
   NSTVOUT                        = 1000 
   NSTFOUT                        = 0 
   NSTLOG                         = 1000 
   NSTCALCENERGY                  = 100 
   NSTENERGY                      = 1000 
   NSTXOUT-COMPRESSED             = 0 
   COMPRESSED-X-PRECISION         = 1000 
   CUTOFF-SCHEME                  = VERLET 
   NSTLIST                        = 1 
   NS-TYPE                        = GRID 
   PBC                            = XYZ 
   PERIODIC-MOLECULES             = FALSE 
   VERLET-BUFFER-TOLERANCE        = 0.005 
   RLIST                          = 1.4 
   RLISTLONG                      = 1.4 
   NSTCALCLR                      = 1 
   COULOMBTYPE                    = PME 
   COULOMB-MODIFIER               = POTENTIAL-SHIFT 
   RCOULOMB-SWITCH                = 0 
   RCOULOMB                       = 1.4 
   EPSILON-R                      = 1 
   EPSILON-RF                     = INF 
   VDW-TYPE                       = CUT-OFF 
   VDW-MODIFIER                   = POTENTIAL-SHIFT 
   RVDW-SWITCH                    = 0 
   RVDW                           = 1.4 
   DISPCORR                       = ENERPRES 




   FOURIERSPACING                 = 0.12 
   FOURIER-NX                     = 36 
   FOURIER-NY                     = 36 
   FOURIER-NZ                     = 36 
   PME-ORDER                      = 4 
   EWALD-RTOL                     = 1E-05 
   EWALD-RTOL-LJ                  = 0.001 
   LJ-PME-COMB-RULE               = GEOMETRIC 
   EWALD-GEOMETRY                 = 0 
   EPSILON-SURFACE                = 0 
   IMPLICIT-SOLVENT               = NO 
   GB-ALGORITHM                   = STILL 
   NSTGBRADII                     = 1 
   RGBRADII                       = 1 
   GB-EPSILON-SOLVENT             = 80 
   GB-SALTCONC                    = 0 
   GB-OBC-ALPHA                   = 1 
   GB-OBC-BETA                    = 0.8 
   GB-OBC-GAMMA                   = 4.85 
   GB-DIELECTRIC-OFFSET           = 0.009 
   SA-ALGORITHM                   = ACE-APPROXIMATION 
   SA-SURFACE-TENSION             = 2.05016 
   TCOUPL                         = V-RESCALE 
   NSTTCOUPLE                     = 1 
   NH-CHAIN-LENGTH                = 0 
   PRINT-NOSE-HOOVER-CHAIN-VARIABLES = FALSE 
   PCOUPL                         = BERENDSEN 
   PCOUPLTYPE                     = ISOTROPIC 
   NSTPCOUPLE                     = 1 
   TAU-P                          = 1 
   COMPRESSIBILITY (3X3): 
      COMPRESSIBILITY[    0]={ 4.50000E-05,  0.00000E+00,  0.00000E+00} 
      COMPRESSIBILITY[    1]={ 0.00000E+00,  4.50000E-05,  0.00000E+00} 
      COMPRESSIBILITY[    2]={ 0.00000E+00,  0.00000E+00,  4.50000E-05} 
   REF-P (3X3): 
      REF-P[    0]={ 1.03000E+00,  0.00000E+00,  0.00000E+00} 
      REF-P[    1]={ 0.00000E+00,  1.03000E+00,  0.00000E+00} 
      REF-P[    2]={ 0.00000E+00,  0.00000E+00,  1.03000E+00} 
   REFCOORD-SCALING               = NO 




      POSRES-COM[0]= 0.00000E+00 
      POSRES-COM[1]= 0.00000E+00 
      POSRES-COM[2]= 0.00000E+00 
   POSRES-COMB (3): 
      POSRES-COMB[0]= 0.00000E+00 
      POSRES-COMB[1]= 0.00000E+00 
      POSRES-COMB[2]= 0.00000E+00 
   QMMM                           = FALSE 
   QMCONSTRAINTS                  = 0 
   QMMMSCHEME                     = 0 
   MMCHARGESCALEFACTOR            = 1 
QM-OPTS: 
   NGQM                           = 0 
   CONSTRAINT-ALGORITHM           = LINCS 
   CONTINUATION                   = TRUE 
   SHAKE-SOR                      = FALSE 
   SHAKE-TOL                      = 0.0001 
   LINCS-ORDER                    = 4 
   LINCS-ITER                     = 1 
   LINCS-WARNANGLE                = 30 
   NWALL                          = 0 
   WALL-TYPE                      = 9-3 
   WALL-R-LINPOT                  = -1 
   WALL-ATOMTYPE[0]               = -1 
   WALL-ATOMTYPE[1]               = -1 
   WALL-DENSITY[0]                = 0 
   WALL-DENSITY[1]                = 0 
   WALL-EWALD-ZFAC                = 3 
   PULL                           = FALSE 
   ROTATION                       = FALSE 
   INTERACTIVEMD                  = FALSE 
   DISRE                          = NO 
   DISRE-WEIGHTING                = CONSERVATIVE 
   DISRE-MIXED                    = FALSE 
   DR-FC                          = 1000 
   DR-TAU                         = 0 
   NSTDISREOUT                    = 100 
   ORIRE-FC                       = 0 
   ORIRE-TAU                      = 0 




   FREE-ENERGY                    = NO 
   COS-ACCELERATION               = 0 
   DEFORM (3X3): 
      DEFORM[    0]={ 0.00000E+00,  0.00000E+00,  0.00000E+00} 
      DEFORM[    1]={ 0.00000E+00,  0.00000E+00,  0.00000E+00} 
      DEFORM[    2]={ 0.00000E+00,  0.00000E+00,  0.00000E+00} 
   SIMULATED-TEMPERING            = FALSE 
   E-X: 
      N = 0 
   E-XT: 
      N = 0 
   E-Y: 
      N = 0 
   E-YT: 
      N = 0 
   E-Z: 
      N = 0 
   E-ZT: 
      N = 0 
   SWAPCOORDS                     = NO 
   ADRESS                         = FALSE 
   USERINT1                       = 0 
   USERINT2                       = 0 
   USERINT3                       = 0 
   USERINT4                       = 0 
   USERREAL1                      = 0 
   USERREAL2                      = 0 
   USERREAL3                      = 0 
   USERREAL4                      = 0 
GRPOPTS: 
   NRDF:       16353 
   REF-T:         320 
   TAU-T:         0.1 
ANNEALING:          NO 
ANNEALING-NPOINTS:           0 
   ACC:            0           0           0 
   NFREEZE:           N           N           N 
   ENERGYGRP-FLAGS[  0]: 0 




IMPORT MDTRAJ AS MD 
TRAJ = MD.LOAD("TRAJOUT.XTC", TOP = "TOPOLOGY.GRO") 
INDICES = [[N+X FOR X IN RANGE(NUMBER OF ATOMS IN A SINGLE MOLECULES)] FOR N IN RANGE(0, TOTAL NUMBER OF 
ATOMS IN THE SYSTEM, NUMBER OF ATOMS IN A MOLECULE)] 
P2 = MD.COMPUTE_NEMATIC_ORDER(TRAJ, INDICES) 
TIMESTEP = RANGE(NUMBER OF FRAMES) 
IMPORT CSV 
WITH OPEN('ORDET.CSV', 'W', NEWLINE = '') AS F: 
        THEWRITER = CSV.WRITER(F) 
        FOR L IN RANGE(0,LEN(TIMESTEP)): 
                THEWRITER.WRITEROW([TIMESTEP[L], P2[L]]) 
S4 – MDANALYSIS SCRIPT 
IMPORT MDANALYSIS AS MDA 
IMPORT CSV 
IMPORT NUMPY AS NP 
IMPORT NUMPY 
U = MDA.UNIVERSE("TOPOLOGY.GRO", "TRAJECTORY.XTC") 
A_TEMP= U.SELECT_ATOMS("RESNAME DCAA") #EMPTY ATOMS GROUP 
VECTOR = [0, 1 , 1] 
VECTOR1 = [1, 0 , 0] 
#ATOM_GROUPS=[] 
#ATOM1_GROUPS=[] 
P2_LIST = [] 
P2_AVG_LIST = [] 
COS_XY_LIST = [] 
INDEXES=[] 
FOR I IN REVERSED(RANGE(50,160,5)): 
        PRINT(I) 
        INDEXES.APPEND(I) 
        TEMP_STR="NAME N00 AND RESNAME RY1Q AND PROP ABS " + STR(I) + " <= X" #CHOOSE ATOMS ALONG THE AXIS 
        G2 = U.SELECT_ATOMS(TEMP_STR) 





        DIFF_ = G2 - A_TEMP 
        RESIDS= DIFF_.RESIDS 
        PRINT(BACALHAU)                                                                                                                                                                                                                                                                                          
TEST=STR(RESIDS).REPLACE("\N","").REPLACE("[","").REPLACE("]","")                                                                                                                                                                                                                                                         
TEMP_RES=U.SELECT_ATOMS("NAME C0D AND RESID" + TEST)                                                                                                                                                                                                                                                                        
#ATOM1_GROUPS.APPEND(TEMP_RES) 
        VA=DIFF_.POSITIONS - TEMP_RES.POSITIONS 
        COS_XY =NP.ASARRAY([NP.ARRAY(NUMPY.DOT(X, VECTOR) / (NUMPY.LINALG.NORM(X) * 
NUMPY.LINALG.NORM(VECTOR))) FOR X IN VA]) 
        P2=3/2 *  NP.RESHAPE(COS_XY, (LEN(COS_XY),1))**2 - 0.5 
        P2_AVG = NP.AVERAGE(NP.ABS(P2)) 
        P2_LIST.APPEND(P2) 
        P2_AVG_LIST.APPEND(P2_AVG) 
        COS_XY_LIST.APPEND(COS_XY) 
        A_TEMP=G2 
WITH OPEN('P2_ALONG_AXIS.CSV','W', NEWLINE='') AS G: 
        WRITER = CSV.WRITER(G) 
        WRITER.WRITEROW(['T(NS)', 'S2']) 
        FOR L IN RANGE(0,LEN(INDEXES)): 
                WRITER.WRITEROW([INDEXES[L],P2_AVG_LIST[L]]) 
 
